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Summary

The recently implemented European Regulation (EC) No. 1924/2006 on nutrition
and health claims made on foods is fuelling scientific research efforts in the food
and health arena. Essentially, it is now established that only claims that are
scientifically substantiated will be allowed. Because this new legislation covers the
idea that foods with health or nutritional claims might be perceived by consumers
as having a health advantage over products without claims, it introduces a further
requirement (enclosing the new concept of ‘nutrient profile’) to avoid a situation
where claims could mislead consumers when trying to make healthy choices in the
context of a balanced diet. Thus, only those foods having an appropriate nutrition
profile (composition of different nutrients such as sugars and other substances
with particularly relevant nutritional or physiological effects) will be allowed to
bear claims. A scientific expert workshop was organized to critically review the
available evidence behind current intake recommendations for sugars, focusing on
the strength/gaps of the scientific evidence available and the identification of those
fields where further research is needed. Work was distributed in the following
topics covering potential effects of dietary sugars on (i) body weight control; (ii)
diabetes-insulin resistance; (iii) dental health and (iv) micronutrient dilution. New
approaches, including intervention studies and the application of nutrigenomic
technologies, should be undertaken and interpreted bearing in mind that foods,
food components and their combinations can have both positive and negative
effects on health, thus requiring benefit—risk analysis.

Keywords: Benefit-risk analysis, carbohydrates, claims, nutrient profile.

obesity reviews (2009) 10 (Suppl. 1), 1-8

Introduction

addition, carbohydrates contribute to shaping the sensory
qualities of foods, thus determining their acceptability.

Carbohydrates are the principal energy source in most
Europeans’ diet. Carbohydrates contribute to the improve-
ment of the nutritional status and to the maintenance of
metabolic homeostasis associated with energy balance, and
serve or affect several other functions that, depending on
the type and amount of carbohydrate eaten and the balance
with other nutrients, range from the physiology and pathol-
ogy of the large intestine, dental health, and the promotion
of, or protection against, the development of chronic non-
communicable diseases (such as obesity, cardiovascular
disease, type 2 diabetes and some forms of cancer). In

© 2009 The Authors

The nature and variety of carbohydrate eaten is quite
important and increasingly considered, and metabolic
fate of carbohydrates is reasonably known (see Fig. 1).
However, only a gross distinction among big carbohydrate
groups is usually taken into account in nutrition (see
Table 1); precise information on more specific subgroups or
individually considered chemical species of carbohydrates
is only scarcely and sparsely considered, with the probable
exception of the more common monosaccharides, disac-
charides and starch. Generally speaking, whole grains,
legumes, vegetables and fruits are considered the most

Journal compilation © 2009 International Association for the Study of Obesity. obesity reviews 10 (Suppl. 1), 1-8
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Figure 1 Overview of main pathways involved in the metabolism of carbohydrates from diet. Many carbohydrates present in the diet, besides
glucose, particularly polysaccharides, such as starch or glycogen, the disaccharides trehalose, maltose, sucrose and lactose, and the
monosaccharides fructose, mannose and galactose, meet their catabolic fate in the glycolytic pathway, after being transformed to one of the
glycolytic intermediates. These compounds can be used as fuel to obtain energy, when needed, and excess of energy is stored as glycogen and
triacylglycerols. In addition, carbohydrate metabolism provides a variety of precursors for biosynthetic processes. Non-digestible but fermentable
carbohydrates (including resistant starch or fructooligosaccharides) can be used by the intestinal microflora which releases metabolites, especially
short chain fatty acids (acetate, propionate, butyrate, etc.) into the lumen of the intestine; these compounds are absorbed and can be used as a
source of energy. Liver is the major site of carbohydrate metabolism (glycolysis and glycogen synthesis) and triglyceride synthesis (lipogenesis).
These pathways are regulated through the acute control of key enzyme activities by means of allosteric and covalent modifications. Moreover, the
synthesis of most of these enzymes is regulated in response to dietary status, in which glucose, in particular, plays a crucial role. With the exception
of hepatic glucokinase (GK), which is exclusively induced by insulin in hepatocytes, other enzymes indicated in the figure (liver pyruvate kinase
[L-PK], glucose 6-phosphate dehydrogenase [G6PDH], 6-phosphogluconate dehydrogenase [6PGDH], ATP citrate lyase [ACL], acetyl CoA
carboxylase [ACC], and fatty acid synthase [FAS]) have been shown to be induced at the transcriptional level in response to high glucose and
insulin concentrations. This results in the coordinate induction not only of the enzymes of the fatty acid synthesis pathway but also of glycolytic
enzymes required for the supply of pyruvate, the precursor of acetyl-CoA, and the enzymes of the pentose phosphate pathways, which are required
for the synthesis of NADPH, the essential cofactor for all lipid biosynthesis. The glucose metabolite xylulose 5-phosphate, which is generated by the
pentose phosphate pathway in the presence of high glucose, has been proposed to be responsible of the transcriptional effects of glucose

promoting lipogenesis.

appropriate sources of carbohydrate as there is wide evi-
dence that these foods, which are rich sources of dietary
fibre, are associated with reduced risk of cardiovascular
and other chronic diseases (1). On the other hand, evidence
has been reported that sugar-sweetened beverages do not
induce satiety to the same extent as solid forms of carbo-
hydrate do, and that high consumption of them could
promote weight gain. These grounds, together with those

pointing that excess sugars in the diet could be related to
other adverse health or nutrition conditions, prompted
recent recommendations for the intakes of the different
types of carbohydrates by Food and Agriculture
Organization/World Health Organization (FAO/WHO)
(1,2) and other bodies (3-3). They also prompted measures
setting limits for sugar composition to allow food labels
or other forms of advertising regarding health claims or

© 2009 The Authors
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Table 1 The major dietary carbohydrates

Class Subgroup

Principal components

Monosaccharides
Disaccharides

Sugars (mono- and disaccharides)

Sugar-alcohols (polyols)
Oligosaccharides
Non-alpha-glucan oligosaccharides
Polysaccharides Starch (alpha-glucans)
Non-starch polysaccharides

Maltooligosaccharides (alpha-glucans)

Glucose, fructose, galactose

Sucrose, lactose, maltose, trehalose

Sorbitol, mannitol, lactitol, xylitol, erythritol, isomaltitol, maltitol

Maltodextrins

Raffinose, stachyose, fructo- and galactooligosaccharides,
polydextrose, inulin

Amylose, amylopectin, modified starches

Cellulose, hemicellulose, pectins, hydrocolloids (e.g. gums, mucilages,
beta-glucan)

nutritional properties claimed on foods in some countries
(6,7), a process that is being implemented in Europe (8,9).
However, many questions remain unsolved, in addition
to the precision of general recommendations for sugars,
as to the specific fate of individual sugars and defined
combinations.

In establishing relations between food and health, distin-
guishing convincing evidence and/or probable evidence
from lower levels of evidence becomes very important (2);
this is particularly relevant when, in a way or another,
conclusions are to be translated into precise recommenda-
tions for specific food or food products and/or prescriptive
thresholds of nutrients or food components. According
to WHO expert group (2), convincing evidence results
(i) from the evidence based on epidemiological studies
showing consistent associations between exposure and
disease, with little or no evidence of the contrary; (ii) from
the availability of a substantial number of studies, includ-
ing prospective observational studies and, where relevant,
randomized controlled trials of sufficient size, duration and
quality, showing consistent effects and (iii) from the asso-
ciations having biological plausibility (2).

The European Regulation No. 1924/2006 on
nutrition and health claims made on foods and
the concept of nutrient profiles

In Europe, when dealing with food the emphasis is nowa-
days placed on the food potential to promote health,
improve well-being and reduce the risk of illness. The rela-
tionship between optimum nutrition and a healthy life is
gaining public acceptance and is supported by scientific
developments (e.g. see Palou et al. (10,11) and references
therein). Consumers are increasingly health-conscious and,
at the same time, the industry seeks to take advantage of
the developments in food science, and is increasingly invest-
ing in innovative projects in the area of food and health. On
the one hand, only a food that successfully conveys its
health benefits in a meaningful way to the consumer is
eventually an investment incentive for the industry; on the

© 2009 The Authors

other hand, for consumers to believe in health claims made
on food, these claims must be based on solid science. All in
all, the need for credible health and nutritional claims arose
and prompted the final agreement on a new general
Regulation in Europe (9), which harmonizes all related
legislation in all European Union countries. This Regula-
tion — (EC) No. 1924/2006 of the European Parliament and
of the Council of 20 December 2006 on nutrition and
health claims made on foods — has already been imple-
mented since July 2007 in a transition period of a few
years, and is accompanied by founded expectations to
introduce very important economic, public health and
social consequences (9). The more controversial issue has
been, and perhaps still is, that of ‘nutrient profiles’, a
concept that was finally incorporated into the regulatory
text only after about 3 years of controversy in the European
Parliament and intense discussions among stakeholders (9).

The introduction of the concept of ‘nutrient profiles’
arose from the realization that foods promoted with claims
might be perceived by consumers as having a health advan-
tage over products without claims, which may encourage
their consumption (12). To avoid a situation where health
claims could mislead consumers when trying to make
healthy choices in the context of a balanced diet and situ-
ations where the nutrition or health claims may mask the
overall nutritional value of a food product, it was consid-
ered appropriate to impose certain restrictions as regards
the products bearing claims. Hence, it was established that
only food complying with ‘appropriate’ nutrient profiles
will be allowed to bear nutrition or health claims (9).
Nutrient profiles shall be based on scientific knowledge
about the relationships between diet, nutrition and health,
and shall be updated to take into account relevant scientific
developments (9).

Nutrient profiles are yet to be defined in full and are
expected to be a concept whose practical application will
be in progressive evolution. However, it has been left clear
(9) that, when setting nutrient profiles, it should be taken
into account the role and importance of the food (or of the
categories of food) and its contribution to the diet of the

Journal compilation © 2009 International Association for the Study of Obesity. obesity reviews 10 (Suppl. 1), 1-8
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population in general or, as appropriate, of certain risk
groups including children; the overall nutritional composi-
tion of the food; and the presence of nutrients that have
been scientifically recognized as having an effect on health.
Food components specifically mentioned in the Regulation
are fat, saturated fat, trans-fatty acids, salt/sodium and
sugars, excessive intakes of which in the overall diet are not
recommended (9). Other components mentioned are poly-
and mono-unsaturated fats, carbohydrates other than
sugars, vitamins, minerals, protein and fibre (9).

The introduction of the concept of nutrient profiles has
important implications for food developments in general,
and for developments dealing with sugar-containing foods
in particular.

Carbohydrates and sugars in foods

Carbohydrates can be classified based on chemistry into
three main groups according to the degree of polymeriza-
tion: sugars, consisting of 1 or 2 monomers; oligosaccha-
rides, consisting of 3-9 monomers; and polysaccharides,
consisting of 10 or more monomers. Carbohydrates within
each group are further distinguished depending on the
nature of the individual monomers and the type of linkage
(alpha and non-alpha) among them. Thus, a range of com-
ponents such as polyhydroxy aldehydes, ketones, alcohols
and acids, as well as their derivatives and polymers
are included in the group carbohydrates (see Table 1)
(2,13,14).

In Europe, for labelling purposes, the meaning of ‘sugars’
in the legislation refers to all monosaccharides and disac-
charides present, from whatever source, in a food excluding
polyols (which are alcohols of sugars) (15). The three prin-
cipal monosaccharides in food are glucose, fructose and
galactose, which are the building blocks of naturally occur-
ring di-, oligo- and polysaccharides. The principal disac-
charides are sucrose (0-Glc(1-2)B-Fru), the usual sugar in
plant foods (typically extracted from cane or beet) and
lactose (B-Gal(1-4)Glc), which is the main sugar in milk.

Apart from the orthodox, chemistry-founded, terminol-
ogy in the literature, a number of more or less puzzling
terms to describe carbohydrate (in general) and sugar (in

particular) in foods can be found, such as prebiotic, resis-
tant starch, dietary fibre, available and unavailable carbo-
hydrate, complex carbohydrate, glycaemic, whole grain,
sugars, single sugars, free sugars, added sugars, intrinsic
and extrinsic sugars and total sugars (see Cummings and
Stephen (13)). These terms are used with the aim to distin-
guish with respect to components, their state and origin,
and often for food labelling purposes. For example, the
term ‘intrinsic’ sugar refers to sugars naturally occurring in
foods, whereas the term ‘added sugars’ usually refers to
sucrose, fructose, glucose, starch hydrolysates and other
isolated sugar preparations consumed as such or added
during food production or preparation. The relative use-
fulness of carbohydrate terminology to describe, measure
and label sugars and carbohydrate in general in foods has
been reviewed recently (13).

Reported recommendations and challenges

Various national and international bodies have provided
assessment and guidance on desirable dietary intakes of
carbohydrates in general and sugars in particular ((1-5,16)
and see Table 2).

First in 1980 (16) and later in 1998 (14), FAO and
WHO already reviewed the role of carbohydrates as
determinants of human health and disease as part of
an effort to further understand the relationship between
diet and various non-communicable diseases, including
obesity, type II diabetes, coronary heart disease and some
forms of cancer. It was concluded that carbohydrates are
not only an energy source; they also have important
impacts on the maintenance of health (14,16). Two other
instances of a joint WHO/FAO expert consultation on
diet, nutrition and the prevention of chronic diseases was
reported in 2000 (2,17). Emphasized in these reports were
the recommendations to maximize the intake of mini-
mally processed carbohydrates while minimizing that of
free sugars. It was further indicated that regular consump-
tion of whole-grain cereals, fruits and vegetables, which
are preferred sources of non-starch polysaccharides, was
likely to reduce the risk of diet- and nutrition-related
non-communicable diseases (2).

Total carbohydrates
(% Energy)

Added sugars
(% Energy)

Table 2 Dietary recommendations of
carbohydrates for adults from different
bodies

Dietary fibre
(gd™

WHO 55-75 <10

USA 45-65 -

France 50-55 <10

UK 47 <10

Nordic countries 50-60 <10

Eurodiet >55 <4 occasions/day

Spain >50 -

>25
25-38
25-30
>18
25-35
>25
>25

© 2009 The Authors
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Very recently, the issue of carbohydrates in human nutri-
tion has been updated by FAO/WHO, focusing on some
identified key issues: terminology and classification, mea-
surement, physiology, carbohydrates and diseases (obesity,
diabetes mellitus, cardiovascular diseases and cancer), and
glycaemic index and glycaemic load (13,17-22). These
updated reviews applied previously established criteria (2)
to describe strength of evidence for drawing conclusions
about associations between diet and disease. The joint
FAO/WHO Scientific Update on Carbohydrates in Human
Nutrition enabled some firm conclusions to be drawn
and identified a number of areas where more research is
required to enable definitive recommendations (1).

A population nutrient intake goal for free sugars of less
than 10% of total energy was proposed by the WHO and
FAO already in 2003 (2) and in their recently updated
recommendations (17), free sugars referring to all
monosaccharides and disaccharides added to foods by the
manufacturer, cook or consumer, plus sugars naturally
present in honey, syrups and fruit juices. The rational for
this recommendation included the recognition that high
intakes of free sugars threaten the nutrient quality of diets
by providing significant energy without specific nutrients,
and - noting that free sugars contribute to the overall
energy density of diets and might promote a positive energy
balance - that restriction of free sugars is likely to contrib-
ute to reducing the risk of unhealthy weight gain. Different
types of studies were considered in making this recommen-
dation (reviewed in (1,17,18,20-23)). Acute and short-
term studies in human volunteers have shown increased
total energy intake when the energy density of the diet is
increased, whether by free sugars or fat. Diets that are
limited in free sugars have been shown to reduce total
energy intake and induce weight loss. There is evidence that
drinks that are rich in free sugars increase overall energy
intake by interfering with appetite control mechanisms (see
Ludwig (23) and references therein). A randomized trial
showed that consumption of soft drinks rich in free sugars
results in higher energy intake and body weight gain when
compared with consumption of energy-free drinks that are
artificially sweetened (24). Children with a high consump-
tion of soft drinks rich in free sugars are more likely to be
overweight and to gain excess weight (25). However,
setting up a specific threshold based on substantiated sci-
entific evidence is difficult, and the Consultation recognized
that a population goal for free sugars of less than 10% of
total energy is controversial (2).

Very recently, the European Food Safety Authority-
scientific panel NDA (Nutrition, dietetic foods and
Allergies) has delivered its opinion (8) on sugars when
considering the setting of nutrient profiles for foods bearing
nutrition and health claims pursuant to article 4 of the
regulation (EC) No. 1924/2006 (9), which foresees that the
European Commission shall establish (by 19 January 2009)

© 2009 The Authors

specific nutrient profiles that foods must respect in order
to bear nutrition and health claims. Main conclusions in
this opinion (see EFSA (8) and references therein) are as
follows. Increased risk of dental caries in children is asso-
ciated with a high frequency (more than about 4 times
daily) of intake of cariogenic sugars (mainly sucrose,
glucose and fructose) rather than with the total amount
of dietary sugars. The evidence indicates that frequent
consumption of sweets and confectionery products and
sugar-containing drinks is associated with a higher risk of
caries. The evidence relating high intake of sugars (mainly
as added sugars), compared with high intakes of starch, to
weight gain is inconsistent. However, there is some evi-
dence that sugar-sweetened beverages do not induce satiety
to the same extent as solid forms of carbohydrate, and
that high intakes of sugars in the form of sugar-sweetened
beverages might contribute to weight gain. There is some
evidence that high intakes of added sugars, particularly
from low-nutrient-density foods, might be associated with
a decrease in the nutrient density of the diet (‘nutrient
dilution’) due to displacement of nutrient rich foods
(26); however, the evidence for an association of micronu-
trient dilution with added sugar intake is limited and incon-
sistent (8).

Dietary recommendations in general are strongly influ-
enced by the realization that changes in diets and patterns
of work and leisure — often referred to as the ‘nutrition
transition” — are already contributing to the causal factors
underlying non-communicable diseases (2). The pace of
these changes seems to be accelerating, especially in the
low-income and middle-income countries. The prevalence
of overweight and obesity in both children and adults has
increased rapidly around the world in recent decades reach-
ing epidemic proportions, particularly in those countries
that are going through rapid economic transition. The
dietary changes that characterize the ‘nutrition transition’
include shifts in the structure of the diet towards a higher
energy density diet with a greater role for fat and added
sugars in foods, increased saturated fat intake (mostly from
animal sources), and reduced intake of complex carbohy-
drates, dietary fibre, fruit and vegetable (2,16). A precise
contribution of changes in carbohydrate (and the different
types of it) intake to the ‘nutrition transition’ cannot be
ruled out, but it is essentially unknown.

Most information about the relationship between dietary
carbohydrates/sugars and health comes from observational
epidemiological studies that cannot prove causality and in
which it is conceivable that, at least in part, carbohydrate in
diets simply act as a marker of some other factors. For real
progress in establishing links between carbohydrate/sugar
intake and health, high-quality randomized controlled
nutritional intervention trials are needed. Such trials should
ideally contemplate long-term effects and consider not only
the total amount, but also the frequency of carbohydrate
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consumption, as this might be one key point (particularly
for free sugars) that has insufficiently been addressed so far.
Moreover, because specific carbohydrates, as other dietary
chemicals, can entail both health benefits and risks, there is
the need to obtain more complete biomarker profiles,
rather than focusing on individual biomarkers or end-
points, in nutrition research dealing with them; in this
context, approaches involving the use of post-genomic
technologies might be particularly useful. In addition, spe-
cific effects of carbohydrates on regulatory circuitries con-
trolling physiological responses and gene expression have
progressively been unveiled and need to be understood at
the molecular level. For instance, the increasing incidence
of obesity and related diseases worldwide is nowadays
enhancing an intensive study of the role of carbohydrates as
potential regulators of energy balance (e.g. by regulating
appetite and/or energy expenditure) or other processes
specifically involved in obesity development (see 27-29),
where specific cause—effects and mechanisms behind can be
identified for defined chemical species and combinations.
All in all, it is recognized that new studies are required to
help setting up more precise figures for sugar and carbohy-
drate intake recommendations.

Recent revisions did not concentrate on identifying pri-
ority research aspects that could lead to the formulation of
more precise and substantiated recommendations. At this
respect, lets not forget this sort of bottleneck is created by
traditional limitations of nutrition and food research
(30,31), the typical approaches to energy adjustment, the
misreporting of food/nutrients intake, and the ambiguity of
reported specifications of the foods tested in different
studies, altogether with other methodological or approach-
ing problems, including cultural aspects, which identifica-
tion preserve further progress in this area. On the one hand,
new nutrigenomic technologies can add a lot; on the other
hand, new approaches can be applied under the view that
foods and food components can have both positive and/or
negative effects on our health, resulting in benefits and
risks. At present these are evaluated in largely separated
trajectories while we have recently proposed and argued for
an integrated evaluation of risk and benefit of food com-
ponents and foods, which will allow better management
and, especially, communication to the benefit of the con-
sumer (40).

Revising and reflecting on the new challenges

A scientific expert workshop ‘On the role and fate of sugars
in human nutrition and health’ was organized in September
2007. The aim was to critically review the available evi-
dence behind current intake recommendations for sugars,
and to identify priority research aspects that could lead to
the formulation of more precise and substantiated recom-
mendations. The group agreed on some particularities for

the approach in order not to repeat what other reviews
have already done. Focusing on the strength/gaps of evi-
dence and suggesting new fields of research was identified
as the way to do so. Therefore, the following working
method was agreed on (i) to identify and review the avail-
able literature; (i) to evaluate the relative strength of
evidence (indicating, for example, the presence or lack of
randomized and controlled human intervention studies,
etc.) and (iii) to indicate possible new fields of research.
Work was distributed in the following topics:

1. Dietary sugars and obesity.

2. Dietary sugars and diabetes-insulin resistance.
3. Dietary sugars and dental health.

4. Dietary sugars and micronutrient dilution.

It is clear that the aetiology of obesity is multifactorial,
involving social, genetic and environmental factors. Nutri-
tion, in particular during development, can alter organ
function and thereby prevent or predispose individuals to
obesity and related diseases. However, knowledge on
precise causal food-related determinants of weight gain is
both scarce and sparse, and no specific nutrients or food
components have been involved so far (with the probable
exception of epigenetic-driving predispositions elicited by
breast milk components (32-34). As sugar-sweetened bev-
erages (SSB) account for an increasingly significant propor-
tion of total energy intake in most developed societies,
these beverages have been targeted as one of the potential
guilty in the growing rates of obesity. There is evidence that
SSB do not induce satiety to the same extent as solid forms
of carbohydrate, and this and other mechanisms have been
proposed to explain a possible association between SSB
consumption and overweight and obesity (26,35,36). Some
recent meta-analysis of published studies support such an
association and hence recommendations to reduce popula-
tion SSB consumption (37,38). However, much of the evi-
dence comes from observational rather than intervention
studies, and thus permits no conclusions about causal links
(35,39). The role of different types of carbohydrates on
eating behaviour is not expected to have large effects on
long-term energy homoeostasis as indirectly deduced from
intervention studies (26). It has even been suggested that
empbhasis on reducing extrinsic sugars intakes may be coun-
terproductive to attempts to reduce proportional fat intake
and body weight (30,31). Thus, the evidence of an obe-
sogenic effect of SSB consumption is suggestive but not
conclusive, raising the question as to what extend and how
can it be translated to specific standards. This is addressed
in the review paper by Van Bach and Astrup in this
supplement (41).

Obesity and insulin-resistance are often associated
phenomena. The relation of free sugar consumption and
health-related issues seems clear for diabetic patients, but
evidence for the rest of population is scarce. The reference
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to a mixed and varied, rich in vegetables, balanced diet
appears repeatedly. Can we go further with more precise
recommendations? This is addressed in the review paper by
Laville and Nazare is this supplement (42).

It is generally accepted that the frequency of consump-
tion of sugars has an impact on dental caries whereas the
discussion continues as to whether the actual amount
consumed has any such impact. The importance of other
factors (fluoride) overriding the effects of diet and sugar
consumption is a matter of some confusing situation. Can
we combine frequency and load in a quantitative recom-
mendation? This is addressed in the review paper by Ander-
son et al. in this supplement (43).

Whether a high intake of sugars can compromise desir-
able micronutrient intakes is also a matter of intense
debate. High-quality data on the issue of micronutrient
dilution is scarce, and the available evidence needs to be
critically examined to evaluate the nutritional significance
and, if possible, to estimate the range of sugars intake that
can be compatible with micronutrient adequacy. Does the
available evidence allow obtaining firm conclusions on an
optimal level or threshold of added sugars intake for micro-
nutrient adequacy? This is addressed in the review paper by
Livingstone and Rennie in this supplement (44).

Certainly, in our first round difficulties were foreseen to
find an overall conclusion for all those areas of work. For
this reason, the working group agreed that, at the pre-
publication phase, a workshop with about 20 selected invi-
tations would round-up an opportunity to present the final
conclusions and consensus of the group together with the
collection for new ideas and suggestions that, all together,
can contribute to a reflective position on the dietary sugars,
thoughts and gaps (see conclusions in this supplement (45)).
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Summary

The role of dietary sugars in the current obesity epidemic is much debated and
opposing views can be found in the lay as well as scientific literature. Here we have
reviewed the recent scientific literature on consumption of sugars and body
weight. Main focus was on three questions: (i) What is the evidence that intake of
dietary sugars is associated with higher body weight than intake of non-sugar
carbohydrates? (ii) What is the evidence that sugars in liquid form are associated
with higher body weight than sugars in solid form? (iii) What is the evidence that
diets with a low glycaemic index (GI) or glycaemic load (GL) are associated with
lower body weight than diets high in GI or GL? We conclude that (i) there is
insufficient evidence that an exchange of sugar for non-sugar carbohydrates in the
context of a reduced-fat ad libitum diet or energy-restricted diet results in lower
body weights; (ii) observational studies suggest a possible relationship between
consumption of sugar-sweetened beverages and body weight, but there is currently
insufficient supporting evidence from randomized controlled trials of sufficient
size and duration; (iii) at this moment there is insufficient evidence to support a
difference between liquid and solid sugar intake in body-weight control and (iv)
there is some, although not consistent, evidence for a lower body weight on diets
with a lower GL, but the effect is likely to be small. There is currently no
convincing evidence for a role of GI independent of GL.

Keywords: Diet, obesity, sugars, weight gain.

obesity reviews (2009) 10 (Suppl. 1), 9-23

Introduction

important contributor to passive over-consumption and
that the carbohydrate content, regardless of carbohydrate

The role of dietary macronutrient consumption in the
current obesity epidemic remains controversial. Although
all sources of energy consumed contribute to weight gain
and the development of obesity if consumed in excess of
energy need, high fat consumption as well as high carbo-
hydrate, and specifically high sugar consumption, are often
considered particularly harmful with respect to energy
balance disturbances due to their specific properties being
beyond a source of energy. These specific properties relate
to postprandial metabolism, the balance between nutrient
storage and oxidation, and the effects on hunger and
satiety, and hence on caloric intake and energy balance.
In 2003, the role of sugars in overweight and obesity was
reviewed by Saris (1). The main conclusions from this
review were that the fat content of the diet is the most

© 2009 The Authors

type, is relatively benign in this respect, with little evidence
for direct negative effects of dietary sugar on body weight.
This conclusion was based on the following evidence: (i)
cross-sectional studies showed an inverse relationship
between sucrose intake and body weight or body mass
index (BMI), as well as between sucrose intake and total fat
intake; (ii) weight-loss studies with different types and
amounts of carbohydrates including high and low sucrose
did not indicate that weight loss was impaired by high-
sucrose, energy-restricted diets; and (iii) results from the
Carbohydrate Ratio Management in European National
diets (CARMEN) multicentre trial, showing no difference
in weight changes between fat-reduced high simple carbo-
hydrate or high complex carbohydrate diets. A need for
long-term ad libitum studies on the effects of different types
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of carbohydrates on body-weight control was expressed
with special attention to the confounding effects of other
macronutrients as well as the type of food (solid or
liquid) (1).

Since then, the discussion about the role of sugars in the
obesity epidemic has continued and has been fuelled by the
popularity of low-carbohydrate diets, such as the Atkins
diet, discussions about the contribution of sugars to energy
density of low-fat alternatives for high-fat foods, the impor-
tance of the glycaemic response for postprandial metabo-
lism and appetite regulation, the use of high fructose corn
syrup (HFCS) as sweetener instead of sucrose, and poten-
tial differences between the intake of sugars in the form of
solid or liquid products.

This review intends to discuss the situation 5 years later
and to weigh the strength of the evidence for a role of
sugars in body-weight management. It will focus on the
influences of sugars compared with starches, of sugar-
sweetened beverages, of the replacement of carbohydrates
by fat or protein, and on the role of glycaemic index (GI)
and glycaemic load (GL) in body-weight control.

Sugars can be grouped into monosaccharides (glucose,
fructose and galactose), disaccharides (sucrose, lactose,
maltose and trehalose) and polyols or sugar-alcohols
(sorbitol, mannitol, lactitol, xylitol, erythritol, isomalt and
maltitol) (2). HFCS is a mixture of free glucose and fructose
(usually with 42% or 55% fructose), which has increas-
ingly replaced sucrose (50% fructose, 50% glucose as dis-
accharide) in many foods and most sweetened beverages in
the USA. Outside the USA sucrose continues to be the
primary caloric sweetener. For the purpose of this review,
the term ‘sugars’ is used for all sugars from all sources other
than polyols. No specific attention is paid to HFCS. A
recent review by an expert panel in the USA has concluded
that claims that the introduction of HFCS has increased the
ratio of fructose to glucose in the diet or the sweetness of
the diet are not substantiated and even contradicted by the
available evidence (3).

Carbohydrate intake and body weight

There is considerable evidence that macronutrients differ in
their capacity to influence appetite and satiety, with fat
being the least satiating and proteins the most. Therefore,
changes in the macronutrient ratios of the diet may con-
tribute to more effective prevention of weight gain and
achievement of weight loss (4).

From a recent review of epidemiological studies, Gaesser
concluded that most cross-sectional population studies
show an inverse relationship between carbohydrate intake
and BMI in men as well as women, which could not be
entirely explained by (selective) underreporting, lower total
energy intake, higher physical activity or higher fibre intake
(5). Van Dam and Seidell concluded from a review of the

literature up till 2006 that included randomized interven-
tion studies, observational studies and results from the US
National Weight Control Registry, that there is no strong
evidence that either increasing or decreasing the energy
percentage of carbohydrate in the diet by itself has an
important effect on body weight and that the quality of the
carbohydrates and the ratio of other macronutrients in the
diets may be more important (4).

Total carbohydrate vs. fat and protein intake

A number of meta-analyses of intervention studies,
although not all randomized controlled trials (RCTs),
have concluded that a reduction of the fat content of
the diet results in a moderate weight loss in overweight
and obese people (6-8). Yu-Poth et al. concluded from a
meta-analysis of 37 randomized dietary intervention
studies with reduced (saturated) fat content that every
1% decrease in energy as total fat was associated with
0.28 kg reduction in body weight (8). Similarly, a 10.2%
lower dietary fat content was associated with a 3.2 kg
greater body-weight loss in the meta-analysis of 19 ad
libitum dietary interventions with reduced fat intake by
Astrup et al. (6). Nine of these studies were also included
in the Yu-Poth meta-analysis (8). In many of the studies
included in these analyses, reduction of the dietary fat
content was associated with an increase in the carbohy-
drate content of the diet. Findings from the Women’s
Health Initiative Trial, comparing a low-fat carbohydrate-
rich diet with a control diet higher in fat, suggest that an
ad libitum reduced-fat (24-29% of energy from fat) diet
resulted in modest but greater weight loss during the first
year of the trial and less weight regain over 7.5 years than
the higher fat (35-37% of energy from fat) diet, despite
the fact that neither group was interested to lose weight
(9). The difference in weight loss between groups after the
first year was 1.9 kg (P <0.001) and 0.4 kg (P=0.01)
after an average of 7.5 years. Compliance to the low-fat
diet was obviously poor during such a long period, but
post hoc analysis of self-reported diet suggested that those
who had reduced their fat intake had gained ~2 kg less
than the control group after 7 years. Similarly, two large
multi-centre, randomized studies (i.e. the Diabetes Preven-
tion Program and the Finnish Diabetes Prevention Study)
have demonstrated that greater weight loss can be
achieved in groups consuming calorie-controlled low-fat,
high-carbohydrate diets compared with controls receiving
standard lifestyle recommendations (10,11).

Recent studies suggest that an exchange of fat for protein
results in more pronounced weight loss under ad libitum
conditions or better weight maintenance after weight loss
in studies up to 6 months (12). As with many other diets,
the long-term (=1 year) effects of low-fat high-protein diets
compared with low-fat high-carbohydrate diets are quite

© 2009 The Authors
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small and often not statistically significant (13-16), which
may in part be related to low long-term compliance to the
diets in some of these studies. In the studies by Due et al.
(16) and Brinkworth et al. (14), both with relatively good
compliance, the weight loss difference was 1.9 and 1.7 kg,
respectively, between the HP and HC groups, whereas it
was 0.2 and 1.1 kg in the two studies with low compliance
(13,15). Clifton etal. found that 12 months after a
12-week intensive weight loss programme with a high-
protein or high-carbohydrate diet, there was no significant
different in weight change between the groups, although a
higher reported protein intake at follow-up was associated
with significantly more weight loss (3.1 kg difference
between upper tertile (88 [g protein] d™!) and two lowest
tertiles) (15).

On the other hand, energy-restricted low carbohydrate
diets are currently very popular in many countries as
weight loss strategies. A quantitative meta-analysis in
2006 on five RCTs (Table 1) showed an overall difference
in weight loss of —=3.3 kg (95% confidence interval [CI]
—=5.3, =1.4 kg) in favour of the low-carbohydrate diets
after 6 months. After 12 months, the difference was no
longer statistically significant (-1.0 kg, 95% CI -3.5,
1.5 kg) (17).

Three additional trials have been published in 2007
(Table 1) (18-20). The first trial showed that weight loss
after 3 months was more pronounced with an ad libitum
low-carbohydrate diet than with a standard reduced fat,
low GI energy-restricted (2.1 MJ d™! deficit) diet (6.9 vs.
—2.1 kg, P <0.003) in 26 type 2 diabetic and control sub-
jects (18), confirming the short-term effectiveness of low-
CHO diets for weight loss. Another study involved gastric
bypass patients. Thirty-two surgical patients were random-
ized postoperatively to a low-fat (<35 g d™!, 50-60 [g pro-
tein] d™!) diet or a low-carbohydrate diet (based on the
South Beach diet) for 12 months. BMI was reduced by 14%
in the low-fat group and by 17% in the low-carbohydrate
group (P=0.15) (20), confirming the lack of long-term
efficacy of low—CHO diets.

A third trial by LeCheminant ez al. compared the effects
of a low-fat (55% CHO, 25% fat, 20% protein) and low-
carbohydrate (27% CHO, 44% fat, 25% protein) diet on
body weight over a 6-month weight loss maintenance
period after diet-induced weight loss in overweight and
obese subjects. Weight change over these 6 months was
0.1 kg in the low-CHO group and —0.3 kg in the low-fat
group (not significant) (19). More data are needed to
further assess the value of low-CHO diets for prevention of
weight regain.

A low-carbohydrate diet cannot be recommended,
because it is associated with adverse effects including tissue
breakdown, dehydration and electrolyte imbalance, and
gives rise to headache, muscle weakness and cramps, diar-
rhoea and reduced exercise performance (21).

© 2009 The Authors

Sugar intake and body weight

A recent cross-sectional study in 1294 British children and
adolescents of 7-18 years old showed that there was a
weak inverse correlation between the BMI z-score and the
percentage energy of non-milk extrinsic sugars (NMES) in
the diet, which was attenuated but not reversed after
adjusting for underreporting and dieting (22). A similar
analysis in 2197 British adults also revealed an inverse
association between percentage of energy from NMES and
BMI (23). These studies confirm the inverse relationship
between sugar intake and BMI in cross-sectional studies
that has been reported in previous reviews of the literature
(1,5,24,25).

In the America on the Move Family Study overweight
children (7 =95) tried to reduce their sugar intake by
420 kJ d™! as part of a 24-week intervention to promote
small increases in physical activity and reductions in sugar
intake. This goal was attained on 78% of study days. No
significant change in sugar consumption was reported in
the control group (7 = 89). Data on accompanying dietary
changes in both groups were not provided. Despite the fact
that children in the intervention group also increased their
average number of steps more than those in the control
group, BMI changes did not differ between groups (26).

Sugar intake vs. intake of non-sugar
carbohydrates

An overview of the RCTs on the body-weight effects of
exchanging sugars and non-sugar carbohydrates in the diet
is shown in Table 2. The CARMEN trial compared two
ad libitum low-fat high-carbohydrate diets, which were
enriched in simple or complex carbohydrates in 236 over-
weight subjects in five European countries (27). The diet
rich in simple carbohydrates (sugars) reduced body weight
over 6 months by 1.6 kg, the diet high in complex carbo-
hydrates (starches) by 2.4 kg. Similar results were found for
body fat mass. The differences in body-weight and body fat
changes between the diets were not statistically significant.
Interpretation of the results of the CARMEN study is com-
plicated by the fact that the high simple and high complex
CHO diets not only differed in simple and complex carbo-
hydrate content, but also in fat, protein and total carbohy-
drate content.

A smaller, but highly controlled, 14-day study by Raben
et al. compared the impact of ad libitum fat-reduced high-
sucrose vs. high-starch diets in 20 normal weight or post-
obese women in a randomized cross-over design (28). In
the high-starch group a significant decrease of body weight
and body fat was found (—0.7 and —0.4 kg respectively). No
significant body-weight or body fat changes were seen in
the high sucrose group (0.2 kg). The difference in weight
change between the diets was significant (P < 0.05). In this

Journal compilation © 2009 International Association for the Study of Obesity. obesity reviews 10 (Suppl. 1), 9-23
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study the macronutrient ratios were similar in the sucrose
and starch groups, but there was a significantly higher
fibre intake in the starch group, which may have been
responsible for the lower energy intake on the high starch
diet (28).

In a study by Gatenby et al. (29) 49 normal or over-
weight female subjects were randomized to follow a
reduced fat, a reduced sugar (RS) or habitual diet for 10
weeks in a parallel group design. A reported reduction of
sugar intake from 24 % of energy to ~19% of energy in the
RS group was not associated with changes in total carbo-
hydrate intake (suggesting an exchange between sugars and
non-sugar carbohydrates), fat intake, protein intake or
body weight. Fibre intake was not reported. This study
lacks a real control group for the RS group.

The often-cited study by Poppitt et al. (30) is a publica-
tion on a subgroup of the CARMEN trial and is therefore
not included as a separate study here.

In two studies the body-weight effects of high- and low-
sugar diets have been compared in the context of an energy-
restricted diet (31,32) (Table 2). Surwit et al. compared
the effects of two energy-restricted diets with high or low
sucrose content (58% or 6% energy of total carbohydrate
intake) on body-weight loss in 42 overweight and obese
women in a parallel group design (31). No differences in
weight or fat mass loss were found between the diets. No
information on adherence to the diets and macronutrient
composition was provided by the investigators. The study
by West and de Looy compared two 8-week energy-
reduced diets with different sugar contents (5% vs. 10%
energy from commercially added sucrose) in 67 overweight
adults in a parallel group design (32). A diet creating a
2.5 MJ d™" negative energy balance was prescribed. Weight
loss was significant in both groups with no difference
between groups (low sugar —2.2 kg, high sugar —3.0 kg).
No significant difference in macronutrient intake was
found between groups; fibre intake was not reported.

Conclusions

1. Observational studies show fairly consistent inverse
associations between the carbohydrate and sugar content
of the diet and body weight and adiposity measures. This is
supported by a limited number of RCTs that consistently
show lower body weight when fat in the diet is replaced by
carbohydrates, in the form of sugars or complex carbohy-
drates. The evidence can be considered as probable. More
pronounced effects on body weight are seen when fat in the
diet is replaced by protein.

2. There is insufficient evidence that an exchange of
sugar for non-sugar carbohydrates in the context of a fat-
reduced ad libitum diet or energy-restricted diet results in
lower body weights. Additional RCTs, strictly controlling
macronutrient ratios and fibre content, are necessary to

definitively assess the effect of exchange of sugars for non-
sugar carbohydrates on body-weight control.

Liquid sugar-sweetened beverages

There is increasing concern about a possible relationship
between high levels of consumption of sugar-sweetened
beverages (SSBs) and obesity, especially in children. The
underlying hypothesis is that the sugar calories in liquids
have little effect on satiety and therefore easily lead to
over-consumption.

A number of reviews on this issue have been published
the last 2 years (4,33-35). Terminology and definitions
vary among studies, but in most cases all drinks with added
sugars, excluding milk and pure fruit juices, are included in
the analysis. Mattes concludes, mainly on the basis of
cross-sectional and prospective epidemiological studies,
that different beverages may have different effects on
energy balance, but that most evidence for a positive effect
on energy balance is found for clear beverages — including
SSBs (34). Malik et al. reviewed the literature up till May
2003, including 15 cross-sectional studies, 10 prospective
studies and 5 RCTs. The authors concluded that the weight
of the epidemiological and experimental evidence indicates
that a greater consumption of SSBs is associated with
weight gain and obesity (33). Pereira (literature up till
2006, but mostly overlapping with Malik) concludes that
the evidence on the role of SSBs in the aetiology of obesity
is equivocal owing to unsatisfactory methodology so that
current evidence should be regarded as ‘possible’. He
expresses the need for high-quality randomized trials to
provide the necessary data to obtain ‘convincing’ evidence
for the link between SSB intake and obesity risk. The most
recent meta-analysis on this topic, including 10 observa-
tional studies and 2 RCTs up till 2006, concludes that the
association between SSB consumption and BMI is close to
zero in children and adolescents (36).

In 2007 additional prospective analyses on the effect of
SSB consumption on body weight or adiposity in several
cohorts have been published. A study in over 2000 young
Canadian children showed that regular consumers of soft
drinks between meals at ages 2.5-4.5 years had an over-
weight prevalence at age 4.5 years of 14.5%, whereas only
6.9% of non-consumers was overweight at that age (37).
In contrast, no evidence for an association between SSB
consumption at age S years (z=3521) or 7 years (n = 682)
and fatness at age 9 years was found in a cohort of British
children (38).
between 9 and 18 years an increase in SSB consumption

In a study in 244 German adolescents

was associated with an increase in BMI-SDS in girls but not
in boys over 5 years of follow-up (39).

The effect of soft drink consumption on components
of the metabolic syndrome were analysed in over 6000
middle-aged participants the Framingham Heart Study

© 2009 The Authors
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(40). Consumption of =1 soft drink per day was associated
with a higher prevalence of obesity (OR 1.31; 95% CI
1.02, 1.68) and increased waist circumference (OR 1.30;
95% CI 1.09, 1.56).

These studies add to the body of epidemiological litera-
ture suggestive of, although not fully consistent, a positive
association between BMI and SSB consumption.

SSBs vs. non-sugar containing beverages

An overview of RCTs on SSB consumption and body
weight is shown in Table 3. There are only two studies that
directly compared the body-weight effects of SSBs and non-
sugar-containing beverages (41,42). The study by Tordoff
and Alleva (42) was included in the reviews by Pereira (35)
and Malik et al. (33), but not the study by Reid et al.
(41). In the first study, supplementation with aspartame-
sweetened beverages or HFCS-sweetened beverages
(1135 g d!) for 3 weeks each was compared with no bev-
erage in a randomized cross-over study (42). During the no
beverage control period subjects tended to lose some
weight, but this effect was not significant; during the aspar-
tame period body weight did not change, whereas it
increased significantly during the HFCS period. The other
study, a randomized controlled intervention study with a
parallel group design, studied the effect of 4 weeks’ SSB
supplementation, providing 1800 kJ d™!, compared with
aspartame-sweetened beverage supplementation in 133
lean, adult women eating a low-fat diet (41). Non-SSB
carbohydrate intake, fat intake and protein intake were
lower in the SSB group than in the aspartame group. A
non-significant trend for weight gain was reported in the
SSB group only. Primary aim of this study was to study
long-term dietary compensation. SSB supplementation
reduced carbohydrate, fat and protein intake, in contrast to
aspartame-sweetened beverages. However, the reduction
did not fully compensate for the SSB-associated caloric
intake so that total energy intake was increased by
1000 kJ d! in the SSB group.

Blackburn et al. (43) and Raben er al. (44) compared the
effects of sugars and artificial sweeteners in the diet (as
drinks as well as solid foods) in the context of a weight loss
programme of 16 weeks or an ad libitum diet of 10 weeks
respectively (Table 3). In the weight loss study there was no
difference in weight loss between the two groups (aspar-
tame group —9.9 kg vs. sugar-group —9.8 kg) (43). In the ad
libitum study subjects were asked to consume a minimum
amount of either sucrose-sweetened or artificially sweet-
ened drinks and foods per day. Seventy per cent of sucrose
came from drinks, 30% from solid foods. Sucrose sup-
plements provided 3.4 M]J d™', sweetener supplements
1.0 MJ d'. Body weight increased in the sucrose group and
it decreased in the aspartame group, resulting in a 2.6 kg

© 2009 The Authors

higher body weight in the sucrose group (P < 0.001) after
10 weeks (44).

Liquid vs. solid sugars

Anderson argues that the associations between SSBs and
obesity must be viewed as circumstantial because biological
plausibility and short-term experimental studies do not
support cause and effect conclusions (45). This conclusion
is mainly based on the fact that there is insufficient evidence
that sugars in solid form stimulate intake regulatory
mechanisms and suppress food intake more than those in
commonly consumed beverages.

Only one RCT has directly compared the body-weight
effects of liquid and solid sugar intake (46). In a cross-over
study 15 lean subjects received 1.88 MJ d™' of jelly beans or
caffeine-free sugar-sweetened soda for 4 weeks each. In
both groups the increased sugar intake was associated with
a significantly reduced intake of fat and protein. Non-sugar
carbohydrate intake was reduced in the jelly bean group
only. Body weight increased significantly in the soda group
(0.5 kg, P <0.05) and did not change significantly in the
jelly bean group (0.3 kg). The difference between the
groups was not statistically significant. The authors con-
clude from this study that dietary compensatory responses
to energy-yielding beverages are less precise than those of
iso-energetic solid loads (46). The study has been criticized
because most of the sodas were consumed as part of a meal,
whereas the jelly beans were consumed in between meals.
Two studies compared the acute satiating effects of solid
or liquid sugar ingestion in lean and overweight subjects
(47,48). Almiron-Roig et al. (47) compared equal-energy
1.25 M] preloads of regular cola and fat-free raspberry
cookies. Lavin ef al. (48) compared sucrose-containing pas-
tilles, jelly or drinks, which were ingested in 10, 5 and
2 min respectively. Energy intake from a test lunch did not
differ between preloads in the study by Almiro-Roig et al.
(47), but was lower after chewing the pastilles than after
the drink in the study by Lavin et al. (48).

Conclusions

1. Epidemiological studies, cross-sectional as well as
cohort studies, mostly show an association between SSB
consumption and body weight, suggestive of a possible
relationship between SSB consumption and risk of
overweight.

2. A limited number of RCTs that have directly com-
pared SSBs with artificially sweetened drinks show a ten-
dency for body-weight gain with SSB supplementation, but
differences with the control group were not statistically
significant. More RCTs of sufficient size and duration are
clearly required in this area to support the data from
epidemiological studies.

Journal compilation © 2009 International Association for the Study of Obesity. obesity reviews 10 (Suppl. 1), 9-23
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3. There is no support for the hypothesis that liquid
sugar has a detrimental effect on body weight compared
with solid forms of sugar from RCTs. Evidence from a
small number of acute studies with respect to satiety and
energy intake compensation is equivocal. There is a clear
need for more RCTs of sufficient size and duration in this
area.

Glycaemic index and glycaemic load

The GI refers to the blood-glucose-raising potential of car-
bohydrate foods. The GI of a given food is defined as the
two-hour incremental area under the blood glucose
response curve (IAUC) following the intake of a portion of
the food that contains 50 g of carbohydrates, expressed
as percent of the two-hour IAUC following the intake of
50 g of CHO from a reference food (glucose or white
bread) consumed by the same person on a different day
(49). Factors that influence the glycaemic response are the
nature of the mono- and disaccharides (ratio between
glucose, fructose, galactose), the nature of the starch (e.g.
ratio between amylose and amylopectin), cooking and food
processing (e.g. degree of starch gelatinization, particle size,
cellular structure) and the presence of other food compo-
nents (e.g. fat and protein, dietary fibre, organic acids). GI
values of foods have been published by Foster-Powell ez al.
(50). The foods in this table are mainly of American and
Australian origin and GI values from different sources and
different types and numbers of subjects have been entered
in the table. A recent inter-laboratory study revealed con-
siderable variation in reported GI values of the same foods
(51). Foods with a GI =535 are classified as low GI, whereas
foods with a GI =70 are classified as high GI foods.

The main dietary sources of glycaemic sugars are fruit
and vegetables (sucrose, glucose and fructose), milk and
dairy (lactose and galactose) and added sugars (sucrose,
glucose and fructose) (52). According to the Foster-Powell
table, the GI of fructose is 19 = 2, of maltose (consisting of
2 glucose molecules) 105 = 12, of sucrose (consisting of 1
glucose and 1 fructose molecule) 68 = 5, and of lactose
(consisting of 1 glucose and 1 galactose molecule) 46 = 2.
No data are reported on the GI of galactose. Because some
sugars (glucose, maltose) are high in GI and others low
(fructose, lactose), the contribution of sugars to the GI of
the diet may vary and, depending on their nature, sugars
may be part of a high as well as a low-GI diet.

Because the glycaemic response to food ingestion also
depends on the total amount of carbohydrates ingested, the
concept of GL has been introduced. The GI of a diet is
calculated by summing up the products of the total amount
of digestible carbohydrate and the GI of each food, divided
by the total amount of digestible carbohydrate intake. The
dietary GL is calculated in the same way as the GI, but by
dividing by 100 instead of dividing by the total carbohy-

© 2009 The Authors

drate intake. GL therefore reflects the total glycaemic
burden of the diet by taking both the GIs and the amounts
of the different types of carbohydrates in the diet into
account.

Although increased consumption of low-GI foods has
been advocated for some time for the prevention and treat-
ment of obesity (53-55), the role of GI and GL in body-
weight regulation is still a much debated and controversial
issue (56-59). The discussions are complicated by problems
with GI value estimates, the fact that GL can be manipu-
lated by changing GI but also by changing total carbohy-
drate intake independent of changes in GI, bias by
associated changes in other macronutrients, and the fact
that low GI foods are often higher in fibre.

Epidemiological studies

In his review Gaesser concluded that epidemiological
studies suggest that higher-GL diets may be beneficial for
weight control and that there is no clear effect of higher-GI
diets on BMI, but that these findings should be interpreted
with great caution owing to methodological issues associ-
ated with this type of studies. For instance, data from the
Inter99 study demonstrate that the outcome of such studies
is significantly affected by underreporting (60). Three addi-
tional studies that were not included in this review have
been published since. One showed a positive association
between GI and GL and BMI (61), whereas the other two
found no association with body weight or adiposity (61—
63). Interestingly, Davis etal. (62) reported a positive
association between sugar intake and adiposity in Latino
children in the absence of an association with GL or GI. In
this population, the sugar intake accounted for nearly 50%
of total carbohydrate intake.

A prospective study in a cohort of 376 Danish adults
showed that high-GI diets may lead to body-weight gain
and body fat gain in women, especially in those that are
sedentary. In men no associations were found (64).

Randomized controlled trials

In 2007 a systematic Cochrane review was published on
RCTs with the primary aim to study the effectiveness of
low-GI or low-GL diets for weight loss in healthy over-
weight and obese subjects, published until July 2006 (65).
Six studies were included in the review (66-71). The
weighted mean difference in weight loss (high minus low
GI/GL) in the four studies that reported absolute weight
changes was —1.09 kg (95% CI -0.18, —1.99) in favour of
the low-GI/GL diets (66,69-71), in fat mass the difference
was ~1.13kg (95% CI -0.38, —1.89) (66,67,69,71).
Further details on the design and outcome of these studies
can be found in Table 4. The conclusion of the review was
that overweight or obese people on low-GI diets lost more

Journal compilation © 2009 International Association for the Study of Obesity. obesity reviews 10 (Suppl. 1), 9-23
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weight than those on control diets and that lowering of the
GL of the diet appears to be an effective method of pro-
moting weight loss (65).

Livesey et al. published a meta-analysis on controlled GI
intervention studies published until January 2005. He also
included studies in subjects with type 1 or type 2 diabetes,
impaired glucose tolerance, hyperlipidemia and coronary
heart disease risk (72,73). This meta-analysis included 19
studies and showed a statistically significant trend for a fall
in body weight with a reduction of GL or GI. This trend
was apparent in the studies where food intake was ad
libitum or only under limited control, not in those where
food intake was controlled.

Since July 2006 seven additional RCTs on GI/GL and
body weight in healthy overweight or obese subjects have
been published (74-80). Details of these studies can be
found in Table 4. Weight loss difference (high—-low GI/GL)
varied between 0.5 kg (75) and —1.9 kg (79) and was sta-
tistically significant in one study only (77). These studies
confirm the results of the two meta-analyses in that if there
is an effect of low-GI/GL diets on body weight it is likely to
be small and of limited practical and clinical importance.

Van Dam and Seidell concluded from their review of the
literature on low-GI and low-GL diets that the evidence is
too limited to warrant specific recommendations with
respect to the application of these concepts for the preven-
tion of obesity (4).

Independent role of glycaemic index

It is difficult to tease out the specific role of GI in body-
weight control from the studies in Table 4. Only the study
by Sloth et al. (71) had similar macronutrient compositions
and fibre intakes in the two intervention groups. The esti-
mated GI difference was 24 between the groups, but body-
weight and fat mass differences (0.6 kg over 10 weeks)
between groups were not statistically significant. The study
by Aston et al. (74) had only small differences in macronu-
trient composition and fibre intakes between the groups,
but the GI difference between the groups (8 points) was
also small. Body weight (0.1 kg) and body fat (0.2 kg)
differences over 12 weeks between groups were not statis-
tically significant.

In conclusion, there are currently not enough carefully
designed randomized controlled studies that allow defini-
tive conclusions about the specific role of the GI of the diet
in body-weight control. Published studies so far do not
support an important role for GI (71,74).

Role of glycaemic load

The meta-analysis by Livesey et al. showed a statistically
significant trend for a fall in body weight with a reduction
of GL (72). This trend was apparent in the studies where

food intake was ad libitum or only under limited control,
not in those where food intake was controlled. The inde-
pendent contribution of total carbohydrate intake, GI or
fibre intake in the effect of GL was not analysed.

Most of the studies in Table 4 that were published in
2006 and 2007, which were not included in the Livesey
paper, support the trend for a lower body weight on
lower-GL diets (68,69,76-79), although only in the study
by de Rougemont et al. (77) the difference was statistically
significant. On the other hand, two other studies, including
a large Brazilian study with over 200 subjects, showed an
opposite trend (75,80).

Livesey et al. conclude in their meta-analysis that a
reduction of dietary GL tends to lower body weight, but
that the effect is modest and is most consistent with a GL
reduction of at least 42 g d™! (72). Based on a descriptive
review of a similar selection of studies, Van Dam and
Seidell, on the other hand, conclude that studies that have
directly compared low- and high-GL diets do not consis-
tently support the hypothesis that a low-GL diet supports
weight loss (4).

Conclusions

1. There is currently no evidence that an ad libitum diet
with a low GI causes a lower body weight than a diet with
a high GI when total carbohydrate intake is not different.
However, there is a clear need for more well-designed RCTs
with GI differences between intervention groups of differ-
ent magnitudes to investigate a potential dose-response
relationship.

2. There is some evidence from a fair number of mostly
RCTs that ad libitum and moderately energy-restricted
diets with a low GL are associated with modest body-
weight loss compared with diets with a high GL. Whether
this is a specific effect of GL or of total amount of carbo-
hydrate needs to be elucidated.
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Summary

Insulin resistance is associated with type 2 diabetes, hypertension and cardiovas-
cular disease and the dietary factors involved in these metabolic disorders are still
misunderstood. In animal studies, sugars, particularly sucrose and fructose, have
been shown to decrease insulin sensitivity, with potential association with an
induced hypertriglyceridemia. But in humans, the effects of sugars on insulin
sensitivity are still debated.

The present work first gives an overview of the metabolic pathways that could
be implicated in the development of insulin resistance by sugars. Then, a review of
the studies (intervention, prospective and cross-sectional) on the relationship
between sugars, insulin resistance and diabetes is made in order to determine the
level of proof concerning the association of sugars consumption and diabetes.

All these studies failed to demonstrate an obvious relationship between the
intake of total simple carbohydrates and glycaemic control or risk to develop a
type 2 diabetes and particularly specific evidence is missing in terms of sucrose
effect on diabetes.

Concerning fructose, there are still discrepancies between studies’ conclusions
about the long-term deleterious effect on diabetes development. But its effect on
lipogenesis and triglyceridemia has to be taken into account, considering the
growing use of fructose in food industry and sugar-sweetened drinks.

Keywords: Diabetes, insulin resistance, sugars.

obesity reviews (2009) 10 (Suppl. 1), 24-33

Introduction

‘Sugars’ is a common term to describe mono- and disac-
charides and represent an important part of the total
caloric intake. Glucose, fructose and sucrose are the most
consumed sugars in diet. In the general population, a
the dietary habits is the
of fructose, owing to the

recent important change in
increase of the consumption
increased intake of sucrose

sweetener commonly used in food industry, especially
in the USA. Animal studies have shown an effect of
high-sucrose and high-fructose diet in decreasing insulin
sensitivity, with potential association with an induced

hypertriglyceridemia (1).

Current dietary recommendations for diabetes manage-
ment (type 1 or type 2) do not contain precise guidelines
about the intake of sugars except that they should be sub-
stituted on a caloric basis for others carbohydrates, focus

24

and fructose corn syrup,

being more on overall caloric amount. In type 1 diabetes,
the restriction of carbohydrates intake was the basis of
diabetes medical nutrition therapy before insulin therapy.
Now postprandial hyperglycaemia is mainly controlled by
acting on pre-meal insulin doses on the basis of carbohy-
drates counting. The use of carbohydrates has been
brought back into favour on an isocaloric basis as fat
intake has been limited because of the impact on lipid
metabolism and cardiovascular risks. In type 2 diabetes, the
attention is more on carbohydrate caloric content and on
glycaemic index (GI).

The limitation of sugars intake has been justified by
several observations: their contribution to the increase of
energy density of food, their association with weight gain
and over-consumption, etc. It has been suggested that
increased consumption of refined and simple carbohydrates
may promote the development of diabetes. But for instance,
if fructose has been shown to increase plasma triglyceride
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concentrations, its effect on insulin sensitivity is still
debated.

The World Health Organization, the Food and Agricul-
ture Organization and the American Heart Association
recommended a restriction of free sugars intake in order to
prevent diabetes and obesity, based on potential detrimen-
tal effects on metabolism: they suggested free sugars intake
to be no more than 10% of calories. But it is still in debate
whether sufficient evidence exists to justify the restriction
of sugars intake in terms of prevention of obesity and
diabetes.

We will first make a reminder of the metabolism of
sugars and focus on the metabolic pathways which could
be involved in the development of insulin resistance. Then
we will give an overview of the studies on the relationship
between sugars, insulin resistance and diabetes, in order to
determine the level of proof concerning the association of
sugars consumption and diabetes.

Sugars metabolism and effect on glucose and
lipid metabolism

Absorption and digestion

Human studies on gastric emptying have shown that the
intestinal delivery of fructose solutions is twice quicker
than with glucose solutions (2). Absorption of fructose is a
facilitated diffusion mechanism, when glucose absorption
is an active energy-dependant mechanism (3). Intestinal
fructose absorption has been shown to be a linear process,
on the contrary of the glucose one, which remains quicker.
This difference could be explained by the different charac-
teristics of their transporter (4,5). The absorption of
sucrose needs a prior hydrolysis in fructose and glucose.
In vitro studies have shown that glucose from sucrose is
absorbed faster than free glucose. Moreover, it has been
shown that, on the contrary of glucose, fructose absorption
is incomplete (6). But there is a large inter-individual vari-
ability for the absorption capacity.

After ingestion, the sucrose arrives in portal vein in the
form of fructose and glucose and the organism used these
two monosaccharides. Unlike fructose, an oral glucose load
is captured by extra-splanchnic tissues in majority.

The first step of the glucose use by tissues is the transport
from extracellular environment to intracellular one, by
co-transporters Na*/glucose or facilitated diffusion trans-
porters (GLUT). The GLUT on the hepatocitary membrane
favours net glucose capture in the postprandial state and
net delivery in the post-absorptive state. There are five
facilitated diffusion glucose transporters: GLUT1, GLUT?2,
GLUT3, GLUT4, GLUTS, whose expression in the differ-
ent tissues is shown in Table 1. Fructose-specific trans-
porter is GLUTS, but also GLUT2.

© 2009 The Authors

Table 1 Tissues expression of glucose transporters

SGLT1 Apical pole of enterocyte

Cotransporteur Na*/glucose Kidney

GLUT1 Placenta, brain, kidney, colon,
leucocytes, intestin

GLUT2 Liver, leucocytes, baso-lateral
membrane of enterocyte, kidney

GLUT3 Most tissues including brain,
placenta, kidney

GLUT4 Skeletal and cardiac muscle, adipose
tissue

GLUT5 Skeletal muscle, adipose tissue,

brain, apical pole of enterocyte

The metabolic pathways of fructose and glucose are
shown on Fig. 1. Fructose is metabolized in liver, kidney
and intestine with three enzymes: fructokinase (FK),
l’aldolase B et la triokinase (7). After an oral load, fructose
is almost exclusively metabolized in liver, where the limit-
ing step is the FK.

Muscle metabolic use of fructose is considered to be
very limited and adipose tissue is supposed to play a more
important role.

In tissues that have the suitable specific metabolic
pathway, fructose is a very active substrate on glucose
metabolism. In liver for example, fructolysis is far quicker
than glycolysis, fructose is a better precursor for glucose
than lactate and for glycogen than glucose (7).

Glucose and insulin responses after an oral load
of fructose, glucose and sucrose

Glucose and insulin responses to a fructose oral load are
lower than after an equivalent glucose load. Moreover,
increasing doses of fructose or glucose have different effects
on insulin response (8,9). For a load of 0.5 and 1 g kg™ of
glucose, insulin response is proportional to the load but
glucose response is similar. But with fructose, insulin
and glucose responses are the same. This difference could
be explained by a very weak effect of fructose on the rate of
appearance of total glucose in plasma (8). After a glucose
load, the increase of the rate of appearance of total glucose
is mainly due to the appearance of exogenous glucose in
plasma, while endogenous glucose production is strongly
inhibited by hyperglycaemia and insulinemia (9,10). In
response so a fructose load, the appearance of glucose
comes from the transformation of fructose in glucose in
liver.

The glucose response to a load of 30 g of sucrose is
different to the response to a load of 30 g fructose +30 g
glucose (8,9,11). After the sucrose load, the glycaemic peak
appears earlier at 30 min than after a glucose load, but the
amplitude is the same. This could be caused by a fast
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transformation of the fructose from sucrose in glucose,
which is added to the glucose from sucrose. This hypothesis
should be confirmed by isotopic analysis but is already
reinforced by a non-different insulinemic peak between
sucrose and glucose. In fact, fructose is not insulin activat-
ing secretor per se, but glucose formed from this fructose
could have had an additive activating effect on insulin
secretion.

So, fructose, glucose and sucrose are the most commonly
ingested carbohydrates. Fructose and glucose bioavailabili-
ties are different and could be explained by three factors:

e fructose after capture is almost all metabolized by liver
whereas the main part of an oral glucose load is metabo-
lized in peripheral tissues;

e fructose is metabolized in liver by a specific pathway
whose first enzymatic step is catalysed by fructo-
kinase, whose velocity is far superior than glucokinase or
hexokinase;

e fructose metabolism is mainly insulin-independent
where glucose metabolism is insulin dependant.

CYCLE

and glucose metabolism.

All in all, the effect of sucrose on glucose and insulin
responses is close to the effect of glucose. But its oxidative
fate seems to be closer to the fructose one. After a load of
1 g kg™ of fructose, net carbohydrate oxidation is faster
during the first hour than after a similar glucose load. After
6 h, 100% of the fructose load ingested has been oxidated
whereas with glucose load some glucose remained available
for glycogen storage.

After the ingestion of sucrose, carbohydrate oxidation
is strongly stimulated like with fructose (11). Kinetics is
similar to the fructose one, indicating that the fructose part
of the sucrose could determine the carbohydrate oxidation
speed of sucrose.

Effect on lipid metabolism and lipogenesis

The effects of fructose on lipid metabolism are mainly
observed in liver. The relation between fructose metabolism
and lipid metabolism is shown on Fig. 2.

In liver, the effect of fructose on lipid metabolism is
through the production of dihydroxyacetone-phosphate
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(DHAP) and pyruvate (12,13). The fructolysis supplies
carbons to glycerol and to the acyl part of the triglyceride
molecule. A lipogenic effect of fructose has not been shown
with fructose alone and may be observed in combination
with glucose and insulin. But fructose itself has an effect on
the metabolic fate of non-esterified fatty acids (NEFA). It
stimulates the re-esterification of NEFA and has an additive
effect with insulin. An anti-ketogenic effect of fructose has
been shown and could be due to the re-esterification of
NEFA induced by fructose at the expense of their oxida-
tion. But at supra-physiologic concentrations, fructose is
ketogenic.

Fructose inhibits as strongly as glucose the NEFA even if
the insulin secretory effect of fructose is weak, owing to the
effect on intra-hepatic re-esterification of NEFA.

Fructose strongly stimulates de nzovo lipogenesis. Studies
have shown that hepatic lipogenesis is minor and that in
adipose tissue it is also weak. There are a synthesis and a
re-esterification of NEFA in liver and the kinetics of this de
novo lipogenesis is parallel to the concentration of triglyc-
erides after a fructose load (8).

After a fructose load, de novo lipogenesis is stimulated
but on other hand, after a similar load of glucose, lipogen-
esis is not. The increase of triglycerides induced by sucrose
results from the effects of:

e fructose: stimulation of and re-
esterification of NEFA;

e glucose: re-esterification of NEFA by stimulation of

lipogenesis

insulin.

The possible metabolic consequences of the stimulation
of de novo lipogenesis after sucrose ingestion come from

© 2009 The Authors

the alteration of the fatty acids composition of triglycerides
in very-low-density lipoprotein (VLDL). In fact, it results in
an increase of the concentration of saturated fatty acids
and in a decrease of their hydrolysis by lipoprotein lipase,
which increases triglycerides concentration by reducing
VLDL clearance. Moreover, it also results in a larger part of
saturated fatty acids which are incorporated in membrane
phospholipids. And this change in membrane composition
could alter the ability of adipose tissue or skeletal tissue to
catch glucose (14). It has been shown in several insulin
resistant populations, that there is an inverse relationship
between saturated fatty acids concentration in membrane
or muscular triglycerides and insulin sensitivity (15).

Only fructose (and sucrose containing fructose) has a
lipogenic effect in liver and could potentially modify fatty
acids’ balance in VLDL and induce harmful secondary
effects like hypertriglyceridemia or insulin resistance.

The nature of mono- and disaccharides plays a role in the
lipogenic effect but de novo lipogenesis remains a minor
pathway in humans. The lipogenic effect of sucrose is not
bigger than that of glucose. Fructose is more controversial: it
could increase triglycerides but also cholesterol, blood pres-
sure (8). Hallfrish found this increase in triglycerides only in
baseline hyper-insulinemic men associated with an increase
in cholesterol and LDL cholesterol (16).
between studies remain concerning a deleterious effect of a

Discrepancies

diet rich in fructose on cholesterol and/or triglycerides,
notably between men and women. But still, these studies
suggested that high intake of fructose are not justified in
population at risk: men, insulin resistant and/or hyper-
insulinic subjects, postmenopausal women, type 2 diabetics,
hypertensive or subjects with polymetabolic syndrome.
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It has been proven that a diet rich in carbohydrates or in
high-GI or simple carbohydrates and especially fructose
increases fasting and postprandial triglycerides. It is a
long-lasting phenomenon with a low-level threshold. The
increase of triglycerides is moderate except in subjects at
risk (men, postmenopausal women, hyper-insulinemia,
glucose intolerance).

Sugars, insulin resistance and diabetes

Assessing the association between sugars and insulin resis-
tance and the pathogenesis of diabetes in human studies is
difficult. The heterogeneity in studies’ design and the prob-
lems induced by the composition of the diets (change of
more than one dietary variable in the diet) could lead to
discrepancies in results. Moreover, the assessment of insulin
resistance or insulin sensitivity has not always been con-
ducted using specific methods and was most of the time
based on fasting and/or postprandial metabolic profile
(Table 2).

Data have been classified in four groups in descending
order of level of proofs: intervention studies, cohort-type
prospective studies, cross-sectional studies. A note has been
given to each study corresponding to its level of proof: very
high A, high B, average C, weak D.

Intervention studies

Several studies have been made to compare the effect of
sucrose or fructose instead of starch (8 studies) or the effect
of sucrose instead of fructose (2 studies), with 7 studies
concerning type 1 diabetes and 15 concerning type 2 dia-
betes. One study compared two ad Ilibitum low-fat
high-carbohydrate diets enriched in simple or complex
carbohydrates.

Two studies (A and B) have shown a deleterious effect of
sucrose (20-30%) on insulin resistance, when the diet con-
tained up to 30% of total calories in the form of sucrose
instead of starch (17,18). In Reiser study (18) twenty-four
carbohydrate-sensitive adults consumed diets containing
5%, 18% and 33% of calories as sucrose for 6 weeks each
in a cross-over design and serum insulin was significantly
higher at 1 h after the 18% sucrose diet and at 0.5, 1, 2 and
3 h after the 33% sucrose diet, both compared with the 5%
sucrose diet. Glucose response was also significantly greater
after the 18% and 33% sucrose diets than after the 5%
sucrose diet.

But three other studies (2A + 1B) did not find any effect
(19-21). In Bantle et al. study (19), the short-term (8 d)
replacement of carbohydrates source with sucrose (23%
of energy intake) did not have significant effect on gly-
caemic control in 12 type 1 and 12 type 2 diabetic sub-
jects. In the study of Peterson, 12 type 1 and 11 type 2
diabetic subjects took part in a randomized cross-over

study and ate 2 high-fibre/low-carbohydrate diets with
one containing 45 g of sucrose instead of 45 g of starch.
There were no significant differences on glucose and
insulin profile.

In another recent study classified B (22), 9 overweight
subjects received a high-sucrose (increase of 50 g), high-
monounsaturated fat isocaloric diet for 24 d and this
increase of sucrose intake (13% of total energy intake) was
not related to a decrease in insulin sensitivity or in glycae-
mic control. In the same way, in a randomized cross-over
study (B) with twice 6-week intervention, a high-sucrose
eucaloric weight-maintaining diet was not associated with
detrimental effects on insulin sensitivity or glycaemic
profile (23).

The effect is even less clear for fructose. A study classified
A (24) indicated a deleterious effect on insulin resistance
(5-week diet containing 15% of total calories in the form of
fructose instead of starch) in 12 men with abnormally high
insulin responses to a sucrose load and 12 healthy men: the
15% fructose diet resulted in significantly higher insulin
and glucose responses than consumption of the other two
diets. Two other studies classified A showed a beneficial
effect of high-fructose diets (10-30% of carbohydrate calo-
ries) on insulin resistance (19,25). In Koivisto study, type 2
diabetic subjects ate placebo or fructose (20% of carbohy-
drate calories, 45-65 g per day) administered evenly during
day meals and their insulin sensitivity was increased (34 %)
during the fructose diet. In this randomized, double-blind,
placebo-controlled cross-over design, insulin sensitivity
was assessed using euglycaemic clamping in a group of type
2 diabetic subjects (7 of 10 treated with oral hypoglycaemic
drugs) (25).

The effect of fructose instead of sucrose has also been
tested: one study B on seven type 2 diabetic subjects
showed a beneficial effect (10%) of a 2-week high-fructose
diet on insulin resistance (estimated by postprandial
glucose concentration) (26). But another study A did not
show any effect : in this 3-month diet, six type 2 diabetic
subjects replaced 13% of their calories intake as fructose
instead of sucrose incorporated to meals and this substitu-
tion did not have deleterious effect on insulin resistance
(estimated by a hyper-insulinemic euglycaemic clamp and
sugar tolerance test) (27). Following 4 weeks of daily intake
of fructose (18% of calorie intake), Le showed an increase
in triglycerides but no change in insulin sensitivity in
healthy subjects (28).

In the CARMEN trial (Carbohydrate Ratio Manage-
ment in European National diets), the effects of altering
the ratio of fat to carbohydrate on body weight, blood
lipid and other metabolic parameters were assessed using
a low-fat high-complex carbohydrate diet vs. a low-fat
high-simple carbohydrate diet (29). No effect of either
dietary intervention was observed on fasting glucose and
insulin concentrations.

© 2009 The Authors
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All these data suggest that the replacement in interven-
tion studies of a large part of the caloric intake by starch,
sucrose or fructose does not have an obvious deleterious
effect in the short term on insulin resistance and on glycae-
mic control in healthy or diabetic subjects. Data obtained
in one type of subjects (healthy or diabetic) should be
interpreted cautiously before a potential extrapolation to
the general population.

Prospective studies

Concerning type 2 diabetes, six prospective studies have
been made on large cohort (between 4000 and 85 000
subjects), mainly from USA: Women’s Health study (30),
Iowa Women’s Health study (31), Health Professional
Follow-up Study (32), Nurses’ Health Study (33,34), and
one in Finland (35). They lasted between 5 and 16 years.
Among these studies, three have been classified A repre-
senting a very high level of proof (32-34); the three others
have been classified B, with a high level of proof (30,31,35).

Two studies presented the effect of simple carbohydrates.
In the Women Health Study, the authors did not find any
effect of the total simple carbohydrates, nor of sucrose,
fructose, glucose or lactose alone (30). Meyer, in the lowa
Women’s Health Study (31), did not find a link with lactose
or maltose consumption but found a growing risk (30%) to
develop a type 2 diabetes in women consuming more than
25.8 g d! of glucose and a growing risk of 27% in women
consuming more than 30 g d™! of fructose. In another way,
women consuming more than 51 gd™ of sucrose had a
reduced risk (19%) to develop a type 2 diabetes compared
with women consuming less than 31 g d™'.

In the Nurses’ Health study, the influence of total sugars
was studied and there was no significative effect of total
sugars intake on the risk of type 2 diabetes (33).

Moreover, data from the Nurses’ health study II on a
prospective cohort of more than 91 000 women free of
diabetes at the beginning of the follow-up showed that
women consuming 1 or more sugar-sweetened soft drink a
day had a relative risk of diabetes of 1.83 (P < 0.001)
compared with those consuming less than one per month.
This may be because of the excessive calories providing, as
well as the large part of rapidly absorbable sugars found in
these products. It has to be noticed that sugar-sweetened
soft drinks contain large amount of high-fructose corn
syrup. (Fruit juices consumption was not associated with
diabetes, suggesting a different effect of naturally occurring
sugars and added sugars, or a counterbalancing effect of
others fruit components like vitamins, fibres, minerals
etc.) (36).

In another cohort of 4300 men and women initially free
of diabetes, a 12-year follow-up with food consumption
and sugars intake report showed that fructose, glucose and

© 2009 The Authors

sweetened beverages were associated with risk of type 2
diabetes but not sucrose, lactose or maltose (36).

According to these prospective data, it seems that there is
a trend for a deleterious effect of fructose and glucose on
diabetes risk in the long term, but not sufficient evidence to
conclude about sucrose, maltose or lactose. Still, discrep-
ancies between studies show further investigations are
needed in order to precise the long-term independent effects
of specific sugars intake in terms of insulin resistance.

Cross-sectional studies

Few cross-sectional studies could be used in order to illus-
trate the discussion, as most of the time, they give precise
GI of the diet and carbohydrates intake but lack of details
concerning the composition in sugars. Food-frequency
questionnaires, frequently used, give a limited accuraccy in
estimated detailed food intake. Moreover, the difference
between added or natural (in fruits or dairy products)
simple carbohydrates is rarely reported.

First, several cross-sectional studies have analysed the
relationship between carbohydrates consumption and
glycaemia or glycaemic control, in type 1 diabetes (37,38).
No relationship has been observed between the intake of
carbohydrates (simple and total) and glycaemia and/or gly-
cated haemoglobin (HbA1c). But in Buyken’s study, a lower
dietary GI was related to lower HbA1c concentrations.

The study of South Asian and white men on 173 subjects
(classified A) used 7-day weighed-food dietary assessments
and fasting and 2-h after glucose load insulin concentration
to estimate the link between type 2 diabetes incidence and
dietary factors (39). A significant positive correlation was
found between 2-h insulin concentration after a glucose
load and carbohydrate intake, with a stronger correlation
for sucrose than for starch.

Conclusion

All these studies do not demonstrate an obvious relation-
ship between the intake of total simple carbohydrates and
glycaemic control or risk to develop type 2 diabetes, and
specific evidence is particularly missing in terms of sucrose
effect on diabetes.

Conflicting results could come from the heterogeneity in
the kind of studied subjects all through the different studies
(diabetic, hyper-insulinemic, hypertriglyceridemic, healthy,
etc.) (1). There is limited supporting evidence for recom-
mendations on sugars intake which could be easily
extended to the general population, as high intake of sugars
could be more deleterious for certain groups of subjects.
There are still discrepancies between studies’ conclusions
about the long-term deleterious effect of fructose on diabe-
tes development. Recently, high fructose intake has been
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associated by many studies as a risk factor for metabolic
syndrome and diabetes. But it is mainly based on biochemi-
cal observations, as fructose is supposed to induce insulin
resistance through a metabolic dyslipidemia caused by
increased de novo lipigenesis and triglycerides synthesis. In
fact, even if there is a short-term potential favourable effect
of fructose intake on postprandial hyperglycaemia, it could
also elevate plasma lipids, triglycerides and this could be
responsible for long-term deleterious effects. That is why it
seems of prime importance to take this in account in order
to advice the growing use of fructose and fructose syrup in
food industry and sugar-sweetened drinks.

A potential dietary adverse effect of sucrose may appear
for high sucrose intakes (>30% of caloric intake), but 30%
is far higher than the average sucrose intake.

We could noticed that the American Diabetic Association
expert panel, after the analysis of 22 studies, concluded
that sucrose does not alter glycaemic control in diabetic
subjects when ingested in isocaloric quantities, in fact it
should be consumed in substitution for other carbohy-
drates. Also, the ADA recommends that the total amount
of carbohydrate in meals or snacks is more important than
the source or type.

Still, more studies are needed in order to determine the
impact of strict restriction of simple carbohydrates intake
on glucose and insulin metabolism and weight reduction
diets in order to make recommendations to limit the risk of
diabetes. In fact, many dietary or lifestyle factors such as
physical activity, caloric excess, weight gain may be more
determinant of the development of metabolic abnormalities
that precede the development of diabetes. Moreover,
advices have to be made concerning replacement of sugars
by other products in case of strict restriction in order to
avoid the introduction of other products that could be
differently deleterious for health.

Summary conclusion

e All these studies failed to demonstrate an obvious rela-
tionship between the intake of total simple carbohydrates
and glycaemic control or risk to develop a type 2 diabetes
and particularly specific evidence is missing in terms of
sucrose effect on diabetes.

e Concerning fructose, there are still discrepancies
between studies’ conclusions about the long-term deleteri-
ous effect on diabetes development. But its effect on lipo-
genesis and triglyceridemia has to be taken in account,
considering the growing use of fructose in food industry
and sugar-sweetened drinks.

® More studies are needed in order to determine the
impact of strict restriction of simple carbohydrates intake
on glucose and insulin metabolism and weight reduction
diets in order to make recommendations to limit the risk of

diabetes. Impact of many dietary or lifestyle factors such as
physical activity, caloric excess, weight gain have to be
taken into account.

e Advices have to be made concerning replacement of
sugars by other products in case of strict restriction in order
to avoid the introduction of other products that could be
differently deleterious for health.
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Summary

There is increasing concern that high intakes of added sugars promote micronu-
trient dilution. However, the overall conclusion to emerge from the existing
evidence base is that associations between reported intakes of added sugars and
intakes of micronutrients are inconsistent and often non-linear, both across and
within age groups, and between the genders. If a nutrient displacement effect does
exist, a high consumption of added sugar does not necessarily compromise overall
micronutrient intakes and similarly, consuming less added sugar is no guarantee
that micronutrient intakes will be optimized. Clarification of this issue has been
beset by methodological and conceptual difficulties. The observed associations
between added sugars and micronutrient intake have been heavily contingent on
both the definition of sugars chosen and the analytical approach used for adjusting
for differences in reported energy intake. These issues have been further com-
pounded by mis-reporting of food intake of unknown direction and magnitude
and the cut-offs used to determine ‘inadequate’ micronutrient intakes which vary
over time and between studies and countries. In the absence compelling evidence
that micronutrient intakes are compromised by a high consumption of added
sugars, it may now be appropriate to question the legitimacy of the nutrient
dilution hypothesis as it is highly likely that it is oversimplifying more subtle and
complex dietary issues. Recommendations for further research are made to help
bring resolution to these issues.

Keywords: Micronutrient dilution, review, sugars.
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Introduction

Concerns about sugars and health are long standing and
undoubtedly one of the most persistent concerns of many
nutritionists is that a high consumption of added sugars
can, through displacement of more nutrient dense foods
from the diet, dilute the nutrient density of the diet. This
dilution hypothesis and the concept of ‘empty calories’ has
been the subject of much debate, even controversy in both
the scientific and popular literature with, as yet, no con-
sensus on the issue. The aim of this review is to evaluate
methodological constraints and conceptual issues which
impede resolution of this controversy.

The evidence base

An extensive primary database on the subject of sugars and
micronutrient dilution now exists. By far the majority of

34

studies have been cross-sectional observational studies of
varying size and representativeness. In contrast, there has
been a paucity of intervention studies on the issue (1-4). In
the majority of cross-sectional studies, food intakes have
been self-reported by a range of methods each of which
have their own inherent limitations but where the common
primary concern relates to pervasive under-reporting of food
intake (5). Only two studies have examined biochemical
indices of micronutrient status, both in elderly populations
(6,7), while the majority of studies have used group recom-
mended intakes and varying cut-off criteria to determine
‘adequacy’ of intakes. Sugars have been defined in various
ways, most usually as total sugars, added sugars or non-milk
extrinsic sugars (NMES), which makes it difficult to make
nutritionally meaningful comparisons between studies.
Since 1995, seven reviews on the topic have been
published and while these have varied in both scope and
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emphasis they have all come to broadly similar conclusions
(8-14). Overall, these reviews provide no clear or compel-
ling evidence for micronutrient dilution in the face of high
intakes of added sugars. Although a recurring theme in all
of the reviews is one of inconsistency between study out-
comes, there is general consensus that total energy intake is
positively associated with total nutrient intakes and the
likelihood of achieving recommended intakes. Therefore, in
the context of an appropriate energy intake, it appears that
a wide range of sugar intake can be tolerated without
detriment to micronutrient intakes. The risk of low micro-
nutrient intakes appears to be greatest in diets that are
characterized by high % energy from sugars at low levels of
energy intake.

Even where studies do show evidence of a dilution
effect, the nutritional significance of high added sugar
consumption is strongly nutrient specific and often non-
linear with the highest nutrient intakes being observed
among average sugar consumers relative to low and high
categories of intake (6,15). It is not clear why this is the
case, but non-linear trends in reported energy intake
(lower energy intakes in the lowest and highest sugar
intake categories) as a result of differential mis-reporting
is highly conceivable. Moreover, in most cases where
specific micronutrients are inversely correlated with
sugar consumption, this does not appear to be problem-
atic in the total dietary context as intakes are still above
those recommended. Overall, it has concluded that while
nutrient intakes show a downward trend with increasing
sugar (expressed as NMES) intakes, this is of little nutri-
tional consequence at intakes up to 20% energy from
NMES (14).

Available data on children derived from a range of age
groups show varying associations between intakes of
added sugars and micronutrients. Added sugar (expressed
as % energy) intake tends to increase with age among
young people (16,17), while the reverse has been observed
with micronutrient intakes, particularly for micronutri-
ents such as folate, vitamin C and calcium (18). However,
with the exception of calcium, where some studies have
reported intakes below those recommended in the higher
added sugars consumers (16,19-21), intakes of micronu-
trients appear to be compatible with a broad range of
sugar intakes. A number of the more recent reviews
(12-14) have raised concerns about the negative
impact of both escalating intakes of sugar sweetened soft
drinks and declining milk consumption on micronutrient
intakes.

In summary, despite the extensive literature on the topic,
the totality of the data to date does not provide convincing
evidence to either support or refute the micronutrient dilu-
tion hypothesis. Clarification of this issue has been beset by
a range of methodological and conceptual constraints,
which are discussed later.

© 2009 The Authors

Sugar terminology

The definitions and classifications used to evaluate patterns
of sugar consumption are particularly pertinent in the
context of clarifying their role in micronutrient displace-
ment. At present, however, because of the plethora of dif-
ferent definitions of dietary sugars and a lack of consensus
about how best to categorize them, meaningful compari-
sons between studies are very difficult (22). Conventionally,
the term ‘sugars’ is used to describe the mono- and disac-
charides, whether added or naturally present in foods.
However, in the USA the term ‘added sugars’ is used to
define those sugars, sweeteners and syrups that are eaten as
such or used as ingredients in processed and prepared
foods, excluding sugars present in milk and fruit (23).
Meanwhile, in Europe there is no consistent approach to
classifying sugars. In the UK the categorization of NMES is
favoured, being defined as all extrinsic sugars (all sugars
not contained within the cellular structure of foods) except
those present in milk and milk products. NMES are similar
but not identical to added sugars as the former categoriza-
tion incorporates sugars that are found in fruit juices and
50% of the sugars in cooked and processed fruit (22). No
other European country uses this classification system; they
instead use terminologies such as added or total sugars, the
latter including fruit and milk sugars. Not surprisingly,
owing to the inclusion of the latter foods, studies evaluat-
ing the impact of total sugars generally show a positive
relationship with calcium and vitamin C densities (24),
whereas studies that have focussed on NMES are more
likely to detect a negative association with calcium intakes
but a positive association with vitamin C intakes (25).
Gibson (15) has also demonstrated that different conclu-
sions can be drawn from the same data set depending on
whether NMES or added sugars are used in the analysis.
For example, in adult men vitamin C intakes were signifi-
cantly positively associated with NMES intakes, while
being significantly inversely associated with added sugar
intakes. Clearly, the many different ways of classifying
sugars has hindered the interpretation of the literature, and
will continue to do so until clarity and consensus is reached
about the most appropriate terminology to use.

Approaches used to adjust energy intake

Another major and also unresolved issue in this debate is
the most appropriate analytical approach to use for adjust-
ing energy intakes. The two main approaches include
categorization of sugar consumption by absolute intakes
(g d™) and % energy provided by sugar. When expressed in
absolute terms the available data show that, in most cases,
absolute nutrient intakes are positively associated with
intakes of added sugars (24,26-28). Thus diet quality may
not necessarily be compromised at higher added sugar
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intakes simply because energy intakes appear to be more
predictive of micronutrient intakes. The relatively weak
independent effect of added sugars on micronutrient
intakes has been demonstrated by Charlton et al. (7) who
showed that more of the variation in the daily micronu-
trient intakes of elderly subjects was accounted for by
differences in energy intake than by added sugar intake.
Similarly, it has been noted that total food energy of British
elderly subjects was a more significant predictor of their
micronutrient intakes than were NMES (6). Thus, the risk
of low micronutrient intake is likely to be greatest in those
groups whose diets are characterized by a low total energy
intake and high % energy from added sugars (6,29), and
could well become an increasing problem across all age
groups as energy requirements decline because of more
inactive lifestyles.

In order to evaluate the independent association of
sugar on micronutrient intakes virtually all studies have
expressed added sugar as per cent of energy intake.
However, such an adjustment may not be sufficient as %
energy from added sugars is influenced by the absolute
intakes of the other macronutrients. As a result it cannot
segregate the association between added sugars and micro-
nutrient intake from that of either total energy or energy
from other macronutrients, particularly fat (30).

Expressing sugar intake as a ratio variable with total
energy intake makes it difficult to interpret results because
the ratio is composed of two variables and thus any change
in the ratio could be due to a change in either sugar or
energy intake. An additional complication is that added
sugar energy, being a component of total energy intake,
creates a dependency between the numerator (added sugar
intake) and the denominator (total energy intake), thus
rendering it impossible to determine which one is the true
predictor of micronutrient intake (30). Two alternative
approaches to analysing the NHANES III data set — one
based on % added sugar energy (23) and the other on
multiple regression analysis to partition total energy from
added sugars from other energy sources (30) — illustrate
how opposing conclusions may be drawn from the same
data based on the analytical approach used. In contrast to
the former analysis which reported an inverse association
between intakes of calcium, vitamin A, iron and zinc and
% added sugar energy, the latter analysis concluded that
energy from sources other than added sugars had a much
stronger, positive and consistent association with micronu-
trient intakes than energy from added sugars, which had
little substantive effect on diet quality.

It is important to note that there is no optimal approach
to adjusting for variations in reported energy intake and the
analytical approach favoured by Forshee and Storey (30)
has also been criticized for not controlling appropriately
for total energy intake (31). Adjusting for energy intake
allows comparisons across age groups and takes into

account the higher energy needs of larger individuals but,
at the same time, any method of adjustment does have its
limitations. The nutrient density method (micronutrient
intake/energy intake) does not totally remove the effect of
energy intake in the model. The nutrient residual method,
derived by regressing energy intake on added sugars and
then entering the residuals from this regression model, is
susceptible to misspecification as other important variables,
such as age and gender, are significantly related to the
omitted energy intake variable. Adding energy intake as a
separate covariate appears to be the best method to adjust
for energy intake levels, but it could also be argued that the
problem of multicollinearity still remains as energy intake
is so highly correlated as a covariate with sugar intake (30).

Although the various approaches for energy adjustment
have their strengths and limitations, it needs to be empha-
sized that any conclusions about micronutrient dilution by
sugars will be contingent on the methodology favoured and
merit much more debate in order to determine the best
statistical method(s) to apply when evaluating nutrient
displacement issues.

Criteria of adequacy

As micronutrient requirements are largely unknown and
true risk of inadequacy can only be assessed by biochemical
indices, adequacy of micronutrient intake is most usually
judged against group recommended intakes. In most
studies a broad range of sugar intakes appear to be com-
patible with adequate micronutrient intake although the
criteria for what constitutes ‘adequacy’ varies between
studies. These inconsistencies arise as a result of differences
between countries in their di